The serotype-specific capsular polysaccharide from two strains of Pasteurella haemolytica serotype T4 organisms was purified and characterized by chemical analysis and NMR spectroscopy. The polymer, a teichoic acid, has the backbone structure +(2-glyceroll)-+(phosphate)-+(6-a-~-galactose-l>-, and is partially 0-acetylated on the C2 and C3 galactose residues. Chemical removal of 0-acetyl groups from the polysaccharide destroyed both its ability to precipitate with antiserum raised against killed whole serotype T4 organisms and its ability to adhere to sheep erythrocytes in passive haemagglutination experiments. Attempts to elicit antisera using the purified polymer were unsuccessful but a partially purified material was immunogenic .
the final material (referred to hereafter as purified polymer) was produced by collecting material that was retained (mol. wt > l00000) following Amicon filtration through a YM 100 A membrane.
Chemical unulysis. Phosphate was assayed by the method of Chen et a/. (1956) , neutral sugars by the phenol/sulphuric acid method (Dubois rt al., 1956) , glycerol by the method of Wieland (1974) and O-acetyl groups by the method of Hestrin (1949) . Hexosamines were sought by the method of Lane Smith &Gilkerson (l979), sialic acids by the resorcinol method of Svennerholm (1957) and protein by the method of Lowry.
Dc)-O-ucetylution. U-Acetyl groups were removed by dissolving the polymer in 0.02 M-NaOH and incubating at 37 "C for 4 h. After neutralization with glacial acetic acid and dialysis against distilled water, the polymer was recovered by freeze drying.
Perioclutc~ treutnwnt. The purified polymer was oxidized using sodium metaperiodate (0.075 M) (Spiro, 1966) . Suline und .sodium ,su/ic$ute p.utruction. Crude extracts of whole cells were prepared using either physiological saline or 1.0 M-sodium salicylate. (Gilmour et a/., 1979; Adlam et a/., 1984) .
High prossurc liyuid chrornatographj. ( H P L C ) . Neutral sugar detection was carried out on dansylated sugars using the method of Alpenfels (1981) . Samples of purified polymer were hydrolysed in sealed ampoules with various concentrations of HCI for different times at 100 "C. The filtered hydrolysate was dried down and resuspended in distilled water prior to dansylation and analysis in acetonitrile/water (23 :77, v/v) using a Microbondapak C18 column (Waters Associates, Harrow, UK) on an HPLC system (Laboratory Data Control, Stone, Staffs., UK). Peaks were detected by absorbance at 254 nm with a spectromonitor 111 detector using Constametric 111 pumps (Laboratory Data Control) and a flow rate of 2 ml min-I.
Antino ucid unu/rsi.s. Samples were hydrolysed in sealed ampoules using various concentrations of HCI for different times at 100°C. The filtered hydrolysate was dried down, resuspended in water and analysed on a Beckman 120B amino-acid analyser using a Beckman M72 column. The column was eluted using two 0.07 Msodium citrateiHCl buffers: pH 3.25 for acidic components and pH 4.3 for basic components.
Nuclrur ntugnrtic resonunce ( N M R ) sprctroscopj'. Spectra were measured as D,O solutions using a Bruker W M-360 instrument operating in the pulse-Fourier transform mode at ambient temperature (approximately2 I "C for I H and 40 'C for IJC). H spectra measured at 360.1 3 MHz were referenced to the H D O resonance at S 4425. Data were acquired into 32 K data points using a 5000 Hz spectral width, and a line broadening factor of 0.2 Hz was applied before Fourier transformation. 3 C spectra measured at 90.5 MHz were referenced to external dioxan at 67.4 p.p.m. and were acquired into 64 K data points with a 1-2 Hz line broadening applied before Fourier transformation.
Molwulur wight drterntirtufion. An approximate molecular weight of the purified polymer was determined using a 90 x 1.6 cm column of Sepharose 2B (Pharmacia) and a blue dextran (2000) standard of mean molecular weight 2 x l o h . The polymer was eluted with 0+39;; (w/v) saline and detection was achieved optically at 206 nm using an LK B Uvicord 'S' spectrophotometer.
Production of untiwrirnt. Rabbit antisera were raised by multiple intravenous injections of washed formalintreated cells. Sheep antisera were raised against crude acetone precipitated polymer by intraperjtoneal injection of' antigen emulsified in incomplete Freund adjuvant (Wellcome). Both methods have been previously described (Adlam cf ul., 1984) .
Inin?wtotli~iHic.sioti.~. Immunodiffusions were done on glass slides ( 5 x 5 cm) covered with 3.3 ml I o{ (wlv) agarose (Sigma, Type I ), made up in saline (02350;. w/v). Six peripheral wells ( 5 mm diameter) were cut 5 mm away from ;I central diameter well. Samples (30 PI), of antigens dissolved in saline were applied to the peripheral wells. and undiluted antiserum (50 pl) to the central well. lmmunoprecipitation lines were recorded after slides had been allowed to stand overnight at 4 "C.
Pu.s.sizxJ hucJniu~~lutinution. Sheep erythrocytes were washed in saline and sensitized with bacterial extracts for 2 h at 37 "C. Packed cells (100 1.11) were sensitized with 10 ml ofextract (0.1 mg ml-I). Sensitized cells were washed three times in saline and resuspended to a final concentration of 0.50; (v/v) packed cells. For antiserum titrations. doubling dilutions of sera in saline were made in V-shaped wells of microtitre trays (Sterilin) and an equal volume ( 5 0 pl) of sensitized cells was added. After mixing, trays were left at room temperature for 18 h. End points were recorded as the reciprocal of the last well showing positive haemagglutination.
P~.rogc.tticif!..fi)r ruhhits. Groups of three New Zealand White rabbits (Ranch Rabbits. Copthorne, Surrey, U K ) weighing 2 3 kg received intravenous injections of graded doses of extracts dissolved in saline (0.850,. wlv). Rectal temperatures were recorded by thermocouple for 2 h prior to injection and for 6 h after injection.
Liniulus msuj'. The ability of purified polymer to cause gelation of Limulus amoebocyte lysate was assessed using the Mallinckrodt test kit (Mallinckrodt Inc., St Louis. Mo., USA). Gelation was recorded 1.25 h after mixing samples and lysate together and incubating at 37 "C. A standard Escherichia coli endotoxin preparation was included in each assay.
Chick cwthrjw to.vicitj.. Twelve-day-old chick embryos maintained in a humid atmosphere at 37 "C were injected intravenously with dilutions of extracts in saline (0*85"i/,, w/v). Deaths were recorded by light box observation at 24 h. Pasteurella haemolytica T4 polysaccharide
RESULTS

Yield of extract antigens
389
The yield of CAP per litre of culture supernatant was 0.57g for CN5495 and 0.8 g for CN7801. When this was further purified, yields of purified polymer were 29.3% (by weight) of the CAP for CN5495 and 9.8% for CN7801 (grown in shake flasks to a lower density). No attempt was made in these experiments to optimize yields of antigens by altering bacterial growth conditions.
Physical and chemical characteristics
The purified polymer was a white powder, freely soluble in water, with a molecular weight of approximately 4 x lo6. Chemical analysis showed the presence of phosphate (I 1.1 % by weight), hexose (63.3% by weight with reference to a galactose standard), glycerol (14.0% by weight) and 0-acetyl groups (6.3 % by weight with reference to an acetylcholine chloride standard). Assays for sialic acids and hexosamines gave negative results. A Lowry protein assay gave a value of 8 % by weight with reference to BSA but the amino acid analysis gave no ninhydrin positive peaks and nitrogen was absent on elemental analysis (Carlo Erba model 1106 CHN analyser) [the Lowry method is known to be interfered with by glycerol (Peterson, 1979) l. It was found that alkali treatment using 0.1 M-NaOH to remove U-acetyl groups (Bhattacharjee et al., 1975) tended to destroy the purified polymer and for this reason 0.02 M-NaOH was used. Periodate treatment using the method of Spiro (1966) also destroyed 90% (by weight) of the polymer.
HPLC. Samples of polymer hydrolysed for different times prior to dansylation gave a sharp peak when analysed by HPLC. This peak had almost the same retention time (5.1 1 min) as a dansylated galactose standard (5.15 min) but was clearly separable from glucose (5.29 min) and mannose (5.58 min) dansylated standards. Peak heights were identical for samples hydrolysed at 100 "C for 12 h with 0.1 M-HCl and for samples hydrolysed for 4 h with 2.0 M-HCl.
Optical conjguration ojgalactose. The presence of D-galactose rather than L-galactose was confirmed using D-galactose oxidase (Kurz & Wallenfels, 1974) .
N M R spectroscopy
The basic structure. The 13C NMR spectrum of the native polymer showed peaks in the carbonyl region and around 23 p.p.m., indicating acetylation (Fig. 1) . Since no amino sugars were detected either by 3 C N M R or by amino-acid analysis, these groups were deduced to be 0-acetyl substituents. The remaining analyses were carried out on the de-0-acetylated polymer, and showed that there were nine carbons in the repeating unit with some showing interactions (spin coupling) with phosphorus, thus confirming its presence. Peak positions confirmed the absence of amino and deoxy sugars and showed the sugar and glycerol moieties to be equimolar (Fig. 2) .
The first task was to define the linkage positions of the repeating unit. Because 13C-31P couplings are observed over two or three bonds and from the fact that four carbons were phosphorus coupled, only phosphodiester linkages needed to be considered. Combinations with the anomeric carbon, observed at 99.3 p.p.m., linked to phosphate could also be eliminated from the lack of 3 1 P coupling. Examination of the de-0-acetylated polymer showed three resonances in the 60-66 p.p.m. region. These could confidently be assigned to methylene groups, two from the glycerol and one from the hexose. Two appeared at 65-66 p.p.m. as doublets, indicating coupling to P and one, not 3 1 P coupled, appeared at 62.1 p.p.m., typical of a free -CH,OH group. Methylene groups linked to phosphate typically appear in the observed region of 65-66p.p.m. (de Boer et al., 1976 (de Boer et al., , 1978 Shashkov et al., 1979) . This indicated either linkage through C6 of the hexose and C l'of the glycerol or through both C1' and C3' of the glycerol. This latter possibility was discounted because in this case only one CH signal (i.e. C2') would be 3 1 P coupled whereas in the observed spectrum (Fig. 2) two CH signals showed 3 1 P coupling.
The next task was to confirm the identity of the sugar as galactose rather than glucose and to determine whether the anomeric linkage was CI or p. This was achieved through the measurement of the ' H spectrum of the de-0-acetylated polymer (Fig. 3) which although containing many overlapping signals gave a clear doublet at 6 5-2 for the anomeric hydrogen (Hl). The doublet splitting due to spin coupling to the hydrogen (H2) at C2 was 4-0 Hz and served to identify the stereochemistry as a and the sugar as glucose or galactose. A double resonance experiment irradiating the signal due to H1 caused the splitting which also appeared on H2 to collapse, thus identifying the signal due to H2 as 6 3.8. This resonance appeared as a Pasteurella haemolytica T4 polysaccharide 39 1 doublet of doublets with couplings of 4-0 Hz and 10.5 Hz. The larger coupling was therefore the interaction with H3. This splitting was repeated on the signal at 6 3-92, identifying this as H3. This band also showed an interaction with H4 of 3.2 Hz. The interaction of this magnitude between H3 and H4 identified the sugar as a-galactose and eliminated glucose, for which the corresponding value is 10 Hz (Bock & Thragerson, 1982) . Irradiation at H3 caused no effect on the triplet-like signal at 6 4.25, confirming that this was not due to H4. This band was also unlikely to be due to H5 because this would also be coupled with two larger couplings to the two hydrogens at C6 and hence it was most likely that the 6 4.25 band arose from the C2' hydrogen of the glycerol. It then followed that the H4 resonance was buried in the complex band between 6 3.95 and 4.05 and could not be distinguished.
C . A D L A M A N D O T H E R S I
Having positively identified the hexose as a-galactose only four possible repeating units remained, viz.
where X = carbon 2, 3 or 4 of galactose.
Poxton et al. (1978) have formulated substituent effect rules for predicting the 3C chemical shifts in polysaccharides. Employing these rules and taking the a-galactose and glycerol-1 -phosphate shifts from the literature (Bock & Thragerson, 1982; de Boer etal., 1976 de Boer etal., , 1978 allowed the prediction of the shifts for structures I-IV. Only for I are the 3 1 P coupled CH carbons chemicals shifts predicted to include a resonance close to 78 p.p.m. as was observed.
C spectra of de-0-acetylated and original polysaccharide for materials prepared from strain CN5495 showed that based upon intensities there were approximately 0.5 0-acetyl groups per repeating unit. No chemical shift differences could be detected in the methylene region of the spectrum (60-66 p.p.m.) ruling out acetylation at C3' of the glycerol and indicating that 0-acetylation was confined to the galactose ring at some or all of C2, C3 and C4. The C1 resonances in the native material (Fig. 1) showed a minor component to have an upfield shifted resonance, indicating that there was a small amount (about 20% of the total) of 0-acetylation at C2. The remainder must be at C3 and/or C4; it was not possible to quantify or distinguish between these two possibilities. Double and even triple 0-acetylation is possible and as a consequence a number of combinations exist which can be accommodated within the observed spectrum. When the native sample obtained from strain CN7801 was examined, the spectrum was better resolved than that seen with CN5495 material. In this case, intensity measurements gave about 0-8 0-acetyl groups per repeating unit. Three products were detected, the minor one (about 18 %) clearly being C2 0-acetylation based on the C 1 3C chemical shift (Fig. 4) . The two major products (approximately 44% and 38 %) therefore corresponded to 3-0-acetyl and 4-0-acetyl with, hidden as a minor component, de-0-acetyl. This was reinforced by the appearance of two major signals at 73.6 and 72.4p.p.m. with approximately the correct intensities, neither of which came from the de-0-acetylated polysaccharide (Table 1) . They must therefore have arisen from C3 in the 3-0-acetyl and C4 in the 4-0-acetyl material, the acetylation shifts being of the order of 2.5-3-0 p.p.m. as expected (Michon et al., 1984) . Exact assignment was not possible due to the close proximity of the C3 and C4 resonances in the de-0-acetylated polymer.
Site of 0-acetylation. Comparison of the
Toxicity of'pur$ed polymer When large amounts of purified polymer (5 mg) were injected intravenously into three rabbits, some elevation of rectal temperature was apparent (0-4,0-5 and 1.0 "C). Chick embryos, however, were unaffected, only one egg dying out of ten injected with 2.5 mg of the cruder acetone precipitated material. Limulus titres were also very low, such that in an assay in which an E. coli endotoxin standard sample produced gelation at a level of 8 pg ml-l ,0.37 mg ml-I of Serological properties When the purified polymer was diffused overnight in immunodiffusion experiments against antiserum raised against whole T4 serotype cells, a single line of precipitation was observed. This reaction was specific for the T4 serotype and no precipitation was observed in gels containing antisera raised against other A or T serotypes of P. haemolytica. When the residue of the periodate treated polymer (less than 10% by weight of the starting material, see above) was diffused against the same antiserum, diffuse precipitation was still apparent but this reaction took longer to appear (40 h). In contrast, alkali treated polymer (shown by NMR to have lost 0-acetyl groups) failed to precipitate.
Similar reactions were seen in passive haemagglutination experiments. T4 antiserum raised against whole cells gave the same titre using either sheep red blood cells coated with purified polymer or saline extract of whole cells. De-0-acetylated polymer and the residue remaining after the polymer had been periodate treated failed to adhere to the red cells and no haemagglutination was observed.
In experiments in which purified polymer was compared immunologically with a sample of purified E. coli K2 polymer [kindly provided by Dr B. Jann, Max Planck Institute, Freiburg, FRG, and known to be a glycerol-phosphate-galactose polymer (Jann & Schmidt, 1980; Jann et al., 1980; Fischer et al., 1982) ] no cross reactivity was observed either in immunodiffusion experiments or in passive haemagglutination experiments using anti-T4 sera.
In a limited number of experiments, rabbits and sheep immunized with the purified polymer failed to elicit an antibody response. The partially purified material (CAP), however, gave rise to a specific anti-T4 antibody response in sheep. This was detectable in immune precipitation and passive haemagglutination assays.
DISCUSSION
In the present study the solvent extraction method previously used to purify the capsular substance from the serotype A1 P . haemolytica has been successfully used to purify a very different polymer from culture supernatants of serotype T4 organisms. This polymer has been shown to be a glycerol-galactose-phosphate teichoic acid and as such is an unusual molecule to be associated with a Gram-negative organism. Only three other instances of teichoic acids being produced by Gram-negative organisms appear to have been described in the literature. These are the related molecules obtained from K2 (K2a) and K62 (K2ab) serotypes of Escherichia coli and the group H polysaccharide of Neisseria meningitidis. The K2 and K62 polymers are also both glycerol-galactose-phosphate polymers differing from each other only by the presence of 0-acetyl groups which are absent in the former (Jann &Schmidt, 1980; Jann et al., 1980; Fischer et al., 1982) . The H polysaccharide is identical to the K62 polymer (Van der Kaaden et al., Michon et al., 1984) . The present P . haemolytica T4 polymer differs from the K2, K62 and H polymers only in the linkage of galactose to the phosphate, which is via C6 rather than via C4. This difference in configuration is sufficient to make the polymers non cross reacting in immunological tests with antisera.
The purified polysaccharide appears to be the specific serotype antigen, since immunological reactivity was only observed between it and antisera raised against T4 whole cells or extracts. The 0-acetyl groups present on the molecule appear to be essential for its immunological reactivity, since their removal by dilute alkali treatment abrogated the ability of the polymer to precipitate with specific antibody and to adhere to sheep erythrocytes in passive haemagglutination experiments.
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